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Within the SCN core, VIP is the most prominent and well-characterized neuropeptide transmitter. VIPϩ neurons are critical regulators of the circadian cycle and synchrony within the SCN (Aton and Herzog 2005) . Although previous work highlighted the importance of VIPϩ neurons in circadian control (Harmar et al. 2002) , these studies focused primarily on their paracrine function. Whether VIPϩ neurons provide functional GABAergic regulation of local neurons, and how these properties change between night and day, remains unknown. Highlighted here, Fan et al. (2015) developed an elegant experimental system to investigate the synaptic properties of VIPϩ neurons and further probe the broader architecture within the SCN.
To investigate the synaptic connectivity of VIPϩ neurons, Fan et al. (2015) generated mice that expressed channelrhodopisn 2 (ChR2) selectively in VIPϩ neurons of the SCN. By combining cell-attached recordings and laser-scanning photostimulation, they developed spatial excitation profiles and explored the synaptic properties for each VIPϩ neuron (see Fan et al. 2015 , Fig. 1 ). Through this, the authors are the first to use optogenetics to study circadian biology and generate a spatial excitation prolife of individual neurons within the SCN. Elucidating the synaptic properties and spatial excitation maps by photostimulating VIPϩ neurons has several important implications for circadian biology. First, it allows for quantitative measurement of synaptic architecture via functional connectivity rather than immunofluorescence microscopy. Second, photostimulation is less invasive and preserves more synaptic connections than traditional extracellular stimulation methods, thereby capturing a more accurate representation of the synaptic landscape. Finally, differences in the synaptic properties or excitation profiles of VIPϩ neurons during the circadian cycle may provide insights into their function within the SCN.
To implement this model, Fan et al. (2015) first sought to determine whether the excitation properties of ChR2-expressing VIPϩ neurons changed between day and night, since such differences could affect the interpretation of their subsequent results. In fact, the authors could did not detect any notable differences in spontaneous firing rates, spatial excitation profiles, ChR2-induced currents, or other intrinsic membrane properties in the context of day or night cycle (see Fan et al. 2015, Fig. 2) . These results are surprising, given that SCN neurons are more excitable and possess higher firing rates during the day, suggesting that VIPϩ neurons potentially represent a subset of cells that possess excitation properties that remain unchanged irrespective of circadian time. Thus circadian time likely affects changes at the synaptic level, rather than the organization of local VIPϩ circuits. However, alternative explanations are also possible. For example, circadian time may alter the firing rates or excitation profiles of a small subset of VIPϩ neurons. In this case, the authors might not detect such changes if the profiles of a majority of VIPϩ neurons remained constant. Indeed, previous studies have shown that VIPϩ neurons can be subdivided on the basis of their ability to stimulate Per1 expression, a critical regulator of circadian rhythm (Kawamoto et al. 2003) . VIPϩ neurons that induced Per1 expression were heavily innervated by retinal neurons and expressed gastric-releasing peptide (GRP). Neuropeptides like GRP may confer unique, circadian-dependent properties to a subset of VIPϩ neurons. Future experiments that used the author's optogenetics model alongside labeled VIPϩ/GRPϩ and VIPϩ/GRPϪ neurons would help address this question.
Using targeted photostimulation methods, Fan et al. (2015) determined that 49% of neurons in the ventral SCN received functional input from VIPϩ neurons, and that 75% of these received input from at least two VIPϩ neurons (see Fan et al. 2015, Fig. 5 ). The authors also observed a 2:1 targeting preference for VIPϪ neurons. Interestingly, again the likelihood of response was invariant between day and night, further supporting the notion that local VIPϩ connectivity is independent of circadian time. Next, Fan et al. (2015) found that a neuron has a Ͻ2% chance of receiving input from a presynaptic VIPϩ neuron, suggesting that local VIPϩ connections are sparse. In this case, sparse coding might indicate that only a small percentage of neurons transmitting a particular "code" are activated at a given time. It is also important to note that the author's findings only describe local synapses of VIPϩ neurons. Using AVPϩ neurons that expressed ChR2, the authors next repeated similar experiments as described above on AVPϩ neurons, a functionally and anatomically distinct group of cells located in the dorsal SCN (see Fan et al. 2015, Fig. 10) . AVPϩ neurons displayed properties that were nearly identical to VIPϩ neurons, suggesting that sparse, GABAergic connections are fundamental properties of neuropeptide-expressing neurons within the SCN. These results echo previous reports that showed sparse GABAergic networks between SCN neurons (Freeman et al. 2013) . Although the implications of sparse connectivity within the SCN are unclear, sparse GABAergic connectivity in the thalamic reticular nuclei is thought to decrease synchronized firing (Huntsman et al. 1999) , which might be necessary for proper information processing.
During the circadian phase, GABAergic transmission switches between excitatory and inhibitory, which is mediated by dynamic changes in Cl Ϫ conductance (Ben-Ari et al. 2007; Choi et al. 2008) . Although VIPϩ neurons provide excitatory GABAergic input at night, the authors sought to determine if other factors besides changes in the driving force of Cl Ϫ contributed to the "GABA switch" phenomenon (De Jue and Pennartz 2002) . By using cell-attached recording to preserve native ion concentrations, the authors investigated the effect of VIPϩ input on postsynaptic VIPϪ neurons during the circadian cycle. During the day, presynaptic input from VIPϩ neurons was inhibitory at ϳ50% of the VIPϪ synapses but had no effect on the remainder. At night, ϳ20% of VIP-neurons were excited by VIPϩ neurons. In conjunction with the authors' previous findings, the excitatory shift at night substantiates a "GABA switch" within the SCN and suggests that this phenomenon is due to changes in chloride conduction rather than changes in synaptic connectivity or presynaptic neurotransmission.
The results of Fan et al. (2015) provide valuable insight into how the architecture and synaptic activity of VIPϩ neurons contribute to circadian rhythm. The role of VIP in maintaining and reestablishing synchrony is well established. VIP is expressed rhythmically and binds to VPAC2 receptor (VPAC2R). Receptor binding triggers a G␣-mediated signaling cascade that activates gene expression pathways involved in circadian rhythm such as Per1 and Per2. Mice deficient in VIP or VPAC2R exhibit pronounced attenuation of rhythmicity (Colwell et al. 2003; Harmar et al. 2002) . However, the role of GABA in VIPϩ neurons is less understood. GABA is not required to maintain synchrony, and in fact, opposes the effects of VIP by desynchronizing the SCN network (Freeman et al. 2013) . The dynamic interplay between VIP and GABA creates instability within the circuit and accelerates adaptation during changes in the light-day cycle. During a phase shift, the ventral SCN rapidly adjusts to changes in light signals and transmits this information to other regions of the SCN (Albus et al. 2005) . Since the mice used by Fan et al. (2015) were synchronized to a set circadian cycle, it is still unclear how VIPϩ neurons themselves contribute to phase adjustment. Future experiments using similar approaches described above should help clarify how phase adjustment alters the firing properties and synaptic architecture of VIPϩ neurons.
GABA release that is invariant between day and night may have important implications for the maintenance of an established circadian rhythm. Because VIP is coreleased with GABA in synaptic vesicles, and because VIP expression is directly dependent on light levels, invariant GABA release from presynaptic VIPϩ neurons may act as an outlet for retinal-dependent changes in VIP levels to exert their effect on postsynaptic neurons (Castel and Morris 2000; Dardente et al. 2004) . If GABA release by VIPϩ neurons varied during the circadian cycle, it might inappropriately mask or amplify the synchronizing effects of VIP. How GABAergic transmission in VIPϩ neurons remains unchanged between day and night requires additional studies. VIPϩ neurons receive direct glutamatergic input from the retinohypothalamic tract, the specialized photosensitive neurons that transmit light information to the SCN (Vosko et al. 2015) . Glutamate stimulates the calcium-mediated phosphorylation of cyclic AMP response element (CRE)-binding protein (CREB) and the elevated expression of VIP in a circadian-dependent manner (Georg et al. 2007; Lee et al. 2010) . Despite receiving excitatory input from the retina, the synaptic properties of VIPϩ neurons remain unchanged between day and night, suggesting that local GABAergic connections between SCN neurons might provide circuit stability by reducing spontaneous firing and and/or excitability.
Although the precise function of sparse GABAergic connectivity remains unknown, its role in information propagation in the sensory systems, memory, and basal ganglia is well estab- lished (Lin et al. 2014; Morris et al. 2003) . Within the SCN, however, this synaptic layout is a completely new finding. Sparse connectivity indicates that a small, but nonrandom, fraction of neurons relay signals to each other. By clustering this information within small populations, neurons increase their sensitivity for particular signals by reducing the overlap in representations of different stimuli. These findings suggest that groups of neurons rather than a single homogenous circuit coordinate circadian oscillations. Since neuropeptide-expressing neurons comprise rhythmic cells with differing periods, it seems likely that sparse connectivity contributes to regional diversity within circuits, whereas the expression of a particular neuropeptide does not (Welsh et al. 2010) . Since local VIPϩ and AVPϩ connections are also sparse, this may represent a common property for neuropeptide-expressing neurons in the SCN. It is important to note that Fan et al. (2015) only describe sparse connections within specific neuron populations. The authors did not investigate whether the connectivity between VIPϩ and AVPϩ neurons is sparse. Given that VIP and AVP are the two most prominent neuropeptides in the SCN, it seems likely that sparse connectivity defines the local synaptic architecture of neuropeptide-expressing neurons (Welsh et al. 2010) . Future studies, however, are needed to validate this claim.
Because the authors focused on local projections within the ventral region, an area rich in VIPϩ neurons, it is still unknown whether these properties are representative of the broader synaptic architecture of the SCN. Previous immunofluorescence studies determined that VIPϩ neurons project heavily to AVPϩ neurons but that reciprocal connections were scarce (Leak et al. 1999 ). In addition, nearly 30% of VIPϩ neurons and 50% of AVPϩ neurons express VPAC2R, suggesting that VIPϩ neurons contribute significantly to coupling and synchrony within the SCN (Kalló et al. 2004 ). This is supported by the strong phase-shifting effect of VIPϩ neurons compared with AVP neurons (Albus et al. 2005 ). In addition, VIPϩ neurons respond rapidly to changes in light cycle, whereas AVPϩ neurons require days to resynchronize (Albus et al. 2005) . The inherent asymmetry between these two subpopulations appears to play an important role in coordinating input and output responses of the SCN.
Within a subset of SCN neurons, GABA shifts from an inhibitory to excitatory neurotransmitter during night (De Jeu and Pennartz 2002) . The lack of significant synaptic changes in VIPϩ circuits between day and night suggests that the "GABA switch" phenomenon is mediated mainly by changes in Cl Ϫ conductance. The activity of cation-chloride transporters, NKCC1 and KCC2, is thought to control the ratio of intracellular and extracellular Cl Ϫ (Choi et al. 2008) . There is clear evidence of heterogeneous expression of NKCC1 and KCC2 in VIPϩ and AVPϩ neurons (Belenky et al. 2010) . Given the rhythmic expression of VIP and AVP, it seems likely that neuropeptides play a role in the GABA switch by altering NKCC1 and KCC2 expression. CREB, a downstream target of VIP signaling, differentially regulates NKCC1 and KCC2 levels (Jagasia et al. 2010; Rivera et al. 2004 ). However, the precise mechanism is likely more complex since neuropeptides alone does not account for the expression pattern of NKCC1 and KCC2 in the SCN. Combining photostimulation of VIPϩ and AVPϩ neurons with pharmacologic manipulation of NKCC1 and KCC2 channels may reveal important insights for the role of inhibitory and excitatory GABAergic transmission in circadian rhythm.
There is a growing body of experimentally elegant evidence demonstrating the importance of VIPϩ neurons in circadian biology. By implementing optogenetic approaches, Fan et al. (2015) have developed a novel experimental tool that allowed them to elucidate the synaptic properties of SCN neurons. In fact, a recent study used these techniques to manipulate the firing rates of neurons within the SCN and reset circadian rhythms (Jones et al. 2015) . Clearly, the methods of Fan et al. (2015) are being used to make exciting discoveries in the field of circadian biology. Whereas the authors have demonstrated an important role for VIPϩ neurons in circadian circuits, they also have provided an important foundation for exciting future studies to determine how these and other neuronal populations contribute to the broader function of the SCN. 
